Abstract-Cancer markers can offer much more information for developing or developed cancers. Simple and shorttime assay of cancer biomarker is essential for clinic diagnosis and management. In this study, a one-step immunoassay for carbohydrate antigen 19-9 (CA19-9) by biosensor based on imaging ellipsometry (BIE) is described and its analysis performances are evaluated. Anti-CA19-9 monoclonal antibody as ligand covalently immobilized on carboxyl-modified silicon substrate and its immobilization concentration concurrently screened. Then, bovine serum albumin (BSA) is used to block for acquisition of sensing layer. The detection linear range is from 15.0 to 120.0 U/mL with a minimum limit of 10.0 U/mL (S/N = 3). The intraslide and inter-slide reproducibility, expressed as coefficient variation (CV%), are 9.9, 5.9, 5.4% and 9.6, 7.6, 5.3% for 31.9, 57.4, and 99.2 U/mL of CA19-9, respectively. Accuracy determined by spiked-recovery is among 95.1-106.7%. Specificity expressed as cross-reaction rate are all below 5.8% evaluated by three analogous biomarkers alphafetoprotein (AFP), carcinoembryonic antigen (CEA), and carbohydrate antigen 242 (CA242). Application of BIE to 25 clinic samples demonstrated that the results are in high correlate with electrochemiluminescent immunoassay (ECLIA, R 2 = 0.997). The proposed immunoassay has the potential for clinic application.
INTRODUCTION
Biomarkers can offer much more information for identification of early cancer and people at risk of developing cancer, 17 therefore, their sensitive detection and accurate analysis are very essential for cancer diagnosis and management. Carbohydrate antigen 19-9 (CA19-9) is always associated with pancreatic, gastric, and other gastrointestinal tract cancers. 6, 7, 26 The measurement of CA19-9 in clinic mainly depends on conventional electrochemiluminescent immunoassay (ECLIA) 14, 34 at present. Although possessing high sensitivity and broader detection range, this technique, however, has some disadvantages including multiple reaction steps and time-consuming. Biosensor based on imaging ellipsometry (BIE), as a typical label-free and non-destructive technique for thin layer analysis, 32 is high sensitive for film thickness to subnanometer resolution. 37 It has been greatly advanced since the concept was first put forward by Jin. 9, 10 Previous work theoretically and empirically verifies that it can be used in many fields of bioassay including specific combination of antigen-antibody, virus examination, and biomarker measurement. [19] [20] [21] [22] 31, 38 In this study, a one-step immunoassay for CA19-9 utilizing BIE is demonstrated. The results are also compared with ECLIA by correlation analysis. The future application of BIE is also discussed.
MATERIALS AND METHODS

Materials
Silicon wafers are purchased from General Research Institute for Nonferrous Metals of China. Human CA19-9 and anti-human CA19-9 monoclonal antibody (Lot C081001, Clone 1116-NS-19-9) are purchased from Shanghai Linc-Bio Science Co. Bovine serum albumin (BSA) is obtained from Beijing Dingguo Co. 3-Aminopropyltriethoxysilane (APTES, 99%), 1-(3-Dimethylaminopropyl)-3-ethylcarbobiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and succinimide anhydride are obtained from ACROS. Tween-20 is purchased from Sigma-Aldrich. Deionized water (resistivity 18.3 MX cm) is produced by ion exchange demineralization, followed by passing through a Milli-Q plus system from Millipore (Millipore, Bedford, MA).
ECLIA Measurement of CA19-9
The measurement of CA19-9 was carried out using CA19-9 immunoassay Kits (Roche Elecsys 2010). All operations are performed in the light of the specifications and in the division of Shandong Medical Institute Radioimmunoassay Laboratory, Department of Shandong Medical Academy. According to the calibration curve, the range of CA19-9 in collected serum samples is 0.89-1027.0 U/mL.
BIE Measurement of CA19-9 BIE Platform
BIE
9 has been developed in our laboratory for the purpose of performing parallel immunoassay and is based on a combination of imaging ellipsometry (IE) and microfluidic array system. IE (Fig. 1a) is used for reading the protein arrays. The microfluidic array system (Fig. 1b) is used for ligand immobilization, surface patterning, array fabrication, solution delivery, and antigen capturing.
IE is an enhancement of conventional ellipsometry, which equips with a CCD camera to image the ellipsometry response of a larger area on the sample surface. 11 The light source is a Xenon lamp, and a specific collimating system is used to provide an expanded parallel probing beam with a diameter of about 25 mm. The beam passes through a polarizer and a compensator and finally on the sample surface at an incident of 75°. An optical filter at 632.8 nm wavelength is placed in the incident optical passage. The reflected beam containing sample information passes through an analyzer and an imaging lens and finally arrives to CCD camera. A digital image was grabbed by and stored in a computer with a grayscale format (8 bits, 0-255 grayscale) for further analysis. If the refractive index of sample layer is invariant, the grayscale value will be a function of the thickness of the sample layer, i.e., I = f(d), where I is the light intensity, f() is the function relationship, and d is the layer thickness. Under these conditions, f() can be determined from protein layers with known grayscale values and known thicknesses 1 At the same time, there is a relationship between surface concentration and film thickness: surface concentration (lg/cm 2 ) % K 9 d, where K = 0.12. 18 Thus, the grayscale value directly reflects layer thickness and surface concentration. The higher the grayscale value, the thicker the layer and the higher the surface concentration.
The microfluidic array system is used for surface patterning and array production. It has three main parts including multi-cell array, microchannels, and micropump. Multi-cell array on polydimethylsiloxane (PDMS) template is used for array fabrication. 27 Each cell has an inlet and an outlet. Both of them are connected by Teflon tubes for formation of microchannel. The inlet is put into sample plate for sample sucking and outlet is connected with micropump (ISMATEC, Switzerland) offering negative pressure so that sample can be flow in and flow out through the cell. 29 Protein solutions are delivered to different cells using microfluidic system so that the surface is patterned homogeneously and simultaneously in array format. The simple channel junctions can be used in serial or parallel formats to analyze single or multiple samples simultaneously. 8 
Silicon Wafer Modification
Silicon wafers were cut into 2 9 1 cm rectangles and rinsed with deionized water. The cleaned silicon wafers were initially treated with piranha solution (30% H 2 O 2 :98% H 2 SO 4 = 1:3, v/v) for 30 min. This step made the surface carrying with hydrophilic -OH groups. After washed by deionized water, silicon wafers were immersed in a mixture of APTES and absolute ethanol (APTES: absolute ethanol = 1:10, v/v) and incubated for 2 h. The reaction of APTES with the surface resulted in covalent immobilization of -O-Si-(CH 2 ) 3 -NH 2 , forming a layer of densely packed amino groups on the surface. 28 After washed by absolute ethanol, the wafers were incubated in a saturated succinic anhydride solution in ethanol for 12 h. The CH 2 CH 2 COOCO of succinic anhydride reacts with -O-Si-(CH 2 ) 3 -NH 2 immobilized on the surface, generating -(CH 2 ) 3 NH-CO(CH 2 ) 2 -COOH. 2 The modified wafers were stored in ethanol solution at 4°C until use.
Ligand Immobilization and Concentration Screening
Rat anti-human CA19-9 monoclonal antibody was used as ligand. When the modified silicon wafer was impressed on PDMS template, carboxyl groups on its surface was first activated by solution of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC/0.2 M)/N-hydroxysuccinimide (NHS/0.05 M), and 25 lL of EDC/NHS solution was then added to the microfluidic system at 5 lL/min and passed through each cell. In the presence of NHS, EDC could transfer carboxyl groups to the Sulfo-NHS ester which could then react with the amino groups of the protein. 36 Subsequently, the silicon wafer was treated with anti-CA19-9 monoclonal antibody as ligand in PBS at 1 lL/min at room temperature for 30 min using microfluidic system. These ligand layers were further blocked by BSA solution (1 mg/mL) at 1 lL/min for 30 min and then can be used for antigen binding analysis. In order to screen the concentration of ligand that would produce the most optimal antigen binding capacity, different concentrations of CA19-9 in PBS were added to perform matrix testing. After the assay completed, silicon is taken to IE measurement.
Establishment of Standard Curve
Total 10 cell units were used for establishment of standard curve. Eight of them were used for serial diluted positive sample containing antigen CA19-9 of 413.8, 206.9, 103.5, 51.7, 25.8, 12.9, 6.45, and 0.0 U/mL, respectively. The other two were served as positive control of standard (37.0 U/mL, which is the cut-off value to distinguish the normal or abnormal of serum content 16 ). Prepared antigen solutions were independently dispensed to the unit dots to react for 30 min with a flow of 1 lL/min at room temperature for antigen capturing. After the antigen-antibody combination completed, all the unit were washed by PBST (0.02% tween-20) and deionized water repeatedly with the flow rate of 20 lL/min for 5 min, then, rendered to IE for grayscale measurement.
Sensitivity, Reproducibility, Accuracy, and Specificity
The minimum detectable limit of the assay was determined by adding three standard deviations to the mean grayscale value of 10 zero standard replicates and calculating the corresponding concentration, when interpolated from the standard curve. Reproducibility was determined by calculating the intra-slide and interslide coefficient variation (CV%). The intra-slide reproducibility was obtained by calculating the intraslide of eight measurements of sera with in the same silicon substrate. The inter-slide reproducibility was obtained from six samples of sera in six consecutive assays with different silicon substrate. Accuracy of the assay was determined by recovery. To determine recovery of CA19-9 from serum sample, CA19-9 was spiked into serum of known concentrations at 31.9, 57.4, and 99.2 U/mL. Specificity was assessed by cross-reaction rate with calculation of signal response percentage, which was performed with three analogous markers alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), carbohydrate antigen 242 (CA242) and their mixture.
Real Serum Measurement
Serum samples were collected from 25 patients with gastric cancer admitted to hospital. Serum samples were stored at 270°C until the time of analysis. Briefly, real samples or appropriate diluted samples were added to sensing layer to react 30 min (1 lL/min) at room temperature. Each sample was at least measured twice and the mean value was accordingly calculated by the calibration curve made in a same substrate concurrently.
RESULTS
Optimization of the Analytical Conditions
Screening of Ligand Concentration
Ligand assembled on chemistry surface with excess concentration was unfavorable for antigen accessible due to their overlapping aggregation to form steric hindrance. 30, 35 On the other hand, ligand immobilized on chemistry surface with less concentration was also not helpful antigen combination as scarce of antigen binding sites. Thus, it is important to systematically screen the ligand concentration for biosensor development. The ellipsometric image is illustrated in Fig. 2 . We dispensed different ligand with 40.0, 80.0, 120.0, 160.0, 200.0, and 240.0 lg/mL, respectively, to the chemistry surface and arranged vertically. Then, antigen CA19-9 with 0.0, 1.7, 5.1, 15.3, 46.0, and 138.0 U/mL were separately delivered to react with the immobilized ligands horizontally. The biggest grayscale change (DG) induced by antigens combination was obtained when the concentration of 120 lg/mL ligand was used (Fig. 3) according to calculation of three dependent measurements, therefore, this concentration was chosen for fabrication of sensing layer. 
Optimization of Reaction Time
The antigen reaction time was also optimized. After the sensing layer acquired, we independently carried out 10, 20, 30, 40, 50, and 60 min antigen reaction with 100.0 U/mL CA19-9. The grayscale values with different reaction time were separately recorded. It revealed that equilibrium reaction achieved at 30 min approximately. Hence, this was chosen as antigen reaction time in next work.
Optimization of Parameters Setup
After the incident angle, wavelength and the dynamic range of CCD were fixed, the sensitivity of IE for CA19-9 analysis mainly depend on the azimuth angle parameters of polarizer, compensator, and analyzer that has been thoroughly discussed, 4 which can significantly affect analysis performance of CA19-9. Here, when the azimuth angles of polarizer, compensator, and analyzer were fixed at 104°, 45°, and 179°, respectively, the optimal sensitivity and acceptable detection range of CA19-9 were achieved.
Sensitivity and Calibration Curve
Total 10 analytical units were used to establish calibration curve. Seven units were served as serial diluted CA19-9 reaction and one for blank control (without CA19-9 addition). The other two were served as positive control. As shown in Fig. 4 , the grayscale value for blank control is 88.2 ± 1.3 and 114.5 ± 0.9 for positive control (37 U/mL), respectively, suggesting that the sensitivity was enough and the judge for normal or abnormal was effective. The minimum detection limit for detecting CA19-9 reached 10 U/mL (S/N = 3). Figure 4 shows that protein units turned brighter with increasing CA19-9 concentrations. The grayscale value directly reflects layer thickness and surface concentration, the thicker the layer and the higher the surface concentration. A calibration curve was obtained by four-parameter logistic function fitting based on the curve of the grayscale value versus the concentration of CA19-9 (Fig. 5) for three independent measurements. The curve could be represented by the regression equation: y = 29.5 + 51.1logx (R 2 = 0.98, p < 0.05) after logarithmic transformation, where y is the grayscale value and x is the CA19-9 concentration. The linear range was from 15.0 to 120.0 U/mL.
Specificity
Antibody covalently immobilized on chemistry surface will partially inactivate resulting in loss of bioaffinity to some extent. 12, 24 The inactivation of antibody will lead to mismatch with non-target antigen introducing false positive results as multiple-related biomarkers will be produced during cancer developing. 3, 33 Thus, it is essential to evaluate the cross-reaction rate of the sensing layer. We calculated the percentage of grayscale response with three similar biomarkers AFP (100.0 ng/mL), CEA (32.0 ng/mL), CA242 (100.0 U/mL) and their mixture, which were all below 5.8% compared with 100.0 U/mL CA19-9 (Fig. 6 ). This validated that the proposed method has acceptable specificity. 
Reproducibility
The reproducibility was assessed by intra-slide and inter-slide measurements at low, medium, and high CA19-9 concentrations. The intra-slide reproducibility was tested with eight measurements in the same silicon wafer for the same serum concentration according to the guideline for protein chip evaluation. 23 These series of analyses were repeated for three consecutive days in order to estimate the between-assay reproducibility. The results, expressed as mean CV% for the three control sera, were shown in Table 1 . The CV% values of intra-slide and inter-slide were 9.9, 5.9, 5.4% and 9.6, 7.6, 5.3% for 31.9, 57.4, and 99.2 U/mL of CA19-9, respectively.
Accuracy
In order to further testify the accuracy of CA19-9 measurement, spiked-recovery rate profile was investigated. We employed a pool of sera at low, middle, and high CA19-9 concentration that all are within the detection range of BIE analysis to appraise the recovery rate. Table 2 reported the data for CA19-9 added and CA19-9 found. The spiked-recovery range is between 95.1 and 106.7%, which has acceptable accuracy according to validation of bioassay in industry perspective. 5 
Preliminary Application of BIE
The BIE system was compared with a commercial ECLIA method (which is generally regarded as gold standard for biomarker measurement 25 ) for the quantitative assay of CA19-9 by clinic samples. All of the sera were collected from gastric patients characterized by conventional pathology diagnosis. When the CA19-9 concentration exceeded the effective range of BIE analysis, it was diluted advisably by PBS. The assay procedure strictly adhered to the protocol established as above-mentioned. Each serum was tested twice and the mean value then was accordingly calculated after converting the grayscale into mass concentration. Total 25 samples were tested with the two methods and correlated. An illustration of typical ellipsometric image obtained by clinic sera was shown in Fig. 7 . A high degree of correlation (R = 0.997, p < 0.05, Fig. 8 ) was obtained in various concentrations of samples by two methods.
DISCUSSION AND CONCLUSION
Compared with ECLIA, detection range of BIE is relatively narrow. This will not affect the CA19-9 measurement which can be solved by dilution of sample. The sensitivity is enough to distinguish normal and abnormal content because the detection limit of 10.0 U/mL is enough for CA19-9 assay which is under the cut-off value. In addition to the proposed immunoassay has advantages as follows: first, it is a typical label-free detection technique. It is reported that labeling of proteins can greatly change their surface characteristics, which can result in significant protein denature, especially for small proteins and peptide hormones. 13 Therefore, BIE avoided disturbances from conjugated markers or handling with radioactive materials and largely simplified detection procedure, avoiding false positive results at most. Second, antibody can be patterned homogeneously and simultaneously on a same substrate in array format by the micro-fluidic system application. This is propitious to excellent reproducibility of BIE. 27 Third, samples collected in hospitals are usually detected all at once. With simple micro-fluidic channel junction by Teflon tubes, the protein microfluidic array can be used in serial or parallel formats to analyze single or multiple samples simultaneously for high throughput. Fourth, the immunoassay still has advantages as sample delivery automation, less sample consuming (only 30 lL sample is required for a single test) and short time (only 30 min is needed). Finally, BIE system is progressing in miniaturization and already obtained agitating fruit. 15 Thus, the proposed immunoassay possesses considerable practical value.
To summary, we demonstrated here a promising one-step immunoassay for CA19-9 in serum. By taking advantage of comprehensive capability of BIE, anti-CA19-9 monoclonal antibody as ligand can be covalently immobilized on carboxyl-terminated surface to form sensing layer, after blocked by BSA, CA19-9 can be detected at low concentration 10.0 U/mL with excellent reproducibility and acceptable specificity. Compared with conventional ECLIA, our assay is conducted direct detection of antigen without any label treatments, which has advantages of simple and short time. With the success of BIE system miniaturized, it can be applied to clinic.
